Abstract: Cartilage is one of the most important tissues in mammalian growth and is classified into three types: hyaline, fibro, and elastic. To illustrate its potential as a clinical diagnostic tool, nonlinear optical microscopy (NLOM) was applied to simultaneously investigate images and spectra from three different types of rat cartilage. High-resolution images were obtained using the two-photon excited fluorescence and second-harmonic generation (SHG) of structures within fresh specimens. Since samples were imaged without hematoxylin and eosin (H&E) staining, detailed observations of tissue morphology and microstructural distribution were obtained without shrinkage or distortion. Nonlinear optical spectra confirmed that elastic cartilage is rich in elastic fibers, of which there are few in both hyaline and fibro cartilages. Structural dimensions were also measured with this technique, revealing the average area of the lacuna ð398:36 AE 52:95 m 2 Þ, or the average thickness of the territorial matrix ð0:83 AE 0:26 mÞ, within elastic cartilage.
Introduction
Cartilage is an elastic connective tissue that can absorb mechanical stress with minimal friction. Specialized cells called chondroblasts comprise the tissue and produce a large amount of extracellular matrix. This matrix forms collagen fibers, which contain an abundance of either proteoglycan or elastin fibrils [1] - [3] . Hyaline, fibro, and elastic cartilage are the three major forms found in mammals, and each type of cartilage exhibits different structural and mechanical properties. The principal protein in elastic cartilage is elastin, but type II collagen is also present. Elastic cartilage provides a rigid but flexible framework to the outer ear, eustachian tube, and epiglottis [4] . Hyaline cartilage is a semitransparent tissue composed of proteoglycan and thicker type II collagen fibers. It covers the articular surface of bones, the nasal septa, tracheal rings, costal cartilage, and epiphyseal cartilage of growing bone [5] , [6] . Fibro cartilage consists of chondrocytes, a small amount of territorial matrix, and dense connective tissue containing large bundles of type I collagen. It provides firm support and tensile strength to intervertebral discs, the menisci of joints, and to certain ligaments or tendons that support the skeleton [7] .
Cartilage has a limited capacity to regenerate during wound healing due to the absence of blood and lymphatic vessels and nerve fibers [8] . It is reported that the meniscus (fibro cartilage) has a greater capacity to regenerate and close a wound compared to articular cartilage. Following trauma, fibro cartilage often replaces the type II collagen-rich hyaline or elastic cartilage, leading to scar tissue that is composed of rigid type I collagen. The role of fibril reorganization during the healing process is critical for understanding how different types of cartilage contribute to wound closure, but visualization of the collagen fibrillar meshwork is difficult in vivo. Cartilage cannot absorb X-rays under normal conditions, and dye must be injected into the synovial membranes in order for cartilage to be seen in X-ray films [9] . Because cartilage matrix also cannot be visualized using the light microscope, different types of stains are required to differentiate between forms of cartilage. For example, elastic cartilage is positively identified only when the section is specifically stained for elastin.
Nonlinear optical microscopy (NLOM) combines two-photon excited fluorescence (TPEF) with second-harmonic generation (SHG) in a noninvasive imaging technique. The high resolution achieved by NLOM is ideal for in vivo examination of tissues, and it holds clinical promise for the early detection and therapeutic monitoring of patients with inflammatory joint disease [10] , [11] . NLOM utilizes the intrinsic fluorescence properties of tissue to achieve high resolution, allowing visualization of the distinguishing structural and cellular characteristics of cartilage in fresh, unfixed tissue specimens. Collagen type I, II, III, and V form fibrils and are able to produce SHG signals, while collagen type IV forms sheet and cannot produce any SHG signal [12] . Previous studies demonstrated that NLOM was successful in imaging articular cartilage and joint synovium [13] , [14] . To further understand its resolution capabilities, we have applied this technique to examine the microstructures of three types of cartilage. For the first time, we report that the chondrocytes, their relationship to the lacunae, and the arrangement and morphology of the fibrils of the territorial and interterritorial matrices are clearly identified using a high resolution NLOM technique combined with image textural analysis.
Materials and Methods

Sample Preparation
Eight-week-old female Sprague-Dawley rats were purchased from Fujian Medical University Laboratory Animal Center. The animals were housed in a clean-room facility with 12 h light/ dark cycles and free access to food and water. Rats were euthanized by decapitation prior to tissue resection.
Fresh cross-sections of tissue were removed from the following areas: hyaline cartilage was removed from articular cartilage; fibro cartilage was removed from the menisci tissues of knee joints in rat hind legs; and the transverse sagittal sections of elastic cartilage were removed from the external ear lobes. The sections were approximately 200 m in thickness. All of the samples were rinsed with PBS (PH 7.4) and snap-frozen in liquid nitrogen (−196°C). Prior to imaging, tissue sections were sandwiched between a slide and cover slip and sealed with transparent tape. Specimens were hydrated with PBS during the imaging process to prevent shrinkage and image distortion. The sample was imaged with the cover glass facing the microscope's objective.
Imaging Instrumentation
The nonlinear optical imaging system used in this study contained a high-throughput scanning inverted Axiovert 200 microscope (LSM 510 META; Zeiss, Jena, Thuringia, Germany). In addition, it contained a mode-locked femtosecond Ti: sapphire laser (110 fs, 76 MHz), tunable from 700 to 980 nm (Mira 900-F; Santa Clara, Coherent, America; Fig. 1 ) [15] , [16] . The polarization of laser light is linear. A Plan-Neofluar objective (40×, NA ¼ 0:75, Zeiss) was employed for highresolution imaging. The META detector was used to detect all signals in backscattered geometry and consisted of a high-quality, reflective grating and an optimized 32-channel photomultiplier tube (PMT) array detector. All 32 PMT of the detector covered a spectral width ranging from 377 to 719 nm, and a single PMT covered a spectral range of 10.7 nm.
The system had multiple detecting channels and mode settings. The Lambda Mode setting permitted the simultaneous recording of the spectrally-resolved images and the corresponding intensity spectra of the emitted signals through the creation of emission lambda stacks. Using the image-guided spectral analysis method, the intrinsic components in cartilage were identified, and the signal intensity of the emission spectrum was recorded and analyzed. The Channel Mode setting was used to extract channels and show various images with completely separated emission spectral ranges. This was achieved by using the system software sliders to configure the band-pass setting of different channels (up to eight channels). In this work, the spectra of nonlinear optical signals from the three types of cartilage were measured using one excitation wavelength ð ex ¼ 810 nmÞ. Typical emission spectra were obtained by plotting the mean intensity of all pixels within the region of a selected structure versus the center wavelength of each emission band. Each acquired spectrum was subtracted from a background spectrum measured on the same day and with a shuttered light source, and these values were normalized to the maximal peak intensity for comparison.
The spectrum of the nonlinear optical (NLO) signals can be divided into two different ranges according to the figure profiles. The narrower range has only one peak located at 405 nm, which is exactly half of the excitation wavelength (810 nm). It has a quadratic dependence on the incident laser intensity and shifts with changes in laser frequency to remain at exactly half the excitation wavelength. Collagen is well known to produce SHG and is responsible for this signal. Thus, the SHG peak can be used to quantify the morphology and content of collagen. The broad spectrum containing multiple overlapping peaks are TPEF signals resulting from several components, including the elastin and cellular NADH and FAD [17] . The intensities of the wavelengths in these tissues are correlated to the proportion of these molecules and can be used to distinguish between various types of cartilage.
Furthermore, the morphology of collagen, elastic fibers, and cells can be isolated for imaging via two different channels. SHG images of collagen were extracted from 389 to 419 nm using one of the channels, while TPEF images of elastin and cells were isolated from 430 to 716 nm using another channel. Pseudo-colors of green (for SHG images) and red (for TPEF images) were applied using the software. The images (512 Â 512 pixels) were obtained at a rate of 2.56 s per pixel. All images were obtained from an accumulation of 16 scans and had an 8-bit pixel depth.
Fourier Analysis
Fourier analysis was applied to quantify the morphology of collagen in SHG images taken from fibro and hyaline cartilage. Fourier transformation can represent all frequencies present in an image by using the power plot [18] . The 2-D Fourier transformation of a continuous image f ðx ; y Þ is defined by
The Fourier power spectrum is jF j 2 ¼ F Á F Ã , where the "*" denotes a complex conjugate. Parallel collagen orientation results in an elongated power spectrum, whereas randomly organized tissue yields a nearly circular spectrum. The collagen orientation index defined by ð1 À W =LÞ was used to estimate the orientation extent, where W and L represent the width and length of the ellipse in the generated power plot of the SHG image, respectively [15] , [19] . According to the definition, the collagen orientation index approaches zero when the collagen bundles are randomly oriented, whereas the collagen orientation index approaches "1" when the collagen bundles are aligned or parallel.
Furthermore, the radial distribution of values in the Fourier power spectrum is related to the texture coarseness [20] . A coarse texture will have high values of jF j 2 concentrated near the origin, while a fine texture will have values of jF j 2 that exhibit a broad range. Therefore, the average of jF j 2 over ring-shaped regions centered at the origin is an important way to characterize the coarseness of a texture. The polar form Sðr ; Þ of the power spectrum is first obtained to evaluate the polar coordinate system, where r and are the independent variables in polar coordinates. The average of jSj 2 over the ring-shaped regions centered at the origin for various values of r (the radius of the ring) can be calculated by
For a coarse texture, high values of jSj 2 were concentrated near the origin, and the radial distribution ð r Þ dropped off quickly with the increasing radius of the ring ðr Þ. Otherwise, it would drop off very slowly.
In this study, the data from each image were fitted by a single exponential decay function (3) to calculate the decay length value L
where 0 is the intercept, and A is the initial value. Short decay length results in a rapid decrease of the function and indicates low coarseness of image texture. Fourier analysis was performed using Matlab software (Version 7.11) [21] . Quantitative data were summarized as the mean and standard deviation (SD), shown as "mean AE SD." Summary statistical analysis for the decay length values were calculated from six individual cartilage sections in one group, and these sections were assumed to constitute independent observations. Each of the data groups was tested using the Shapiro-Wilk test, and data followed a Gaussian distribution when the p value was greater than 0.05 [22] . The two-tailed Student's t -test was used to determine whether there were significant differences in collagen orientation index or decay length of radial distribution in Fourier power spectrum between hyaline and fibro cartilage groups. Differences were considered to be statistically significant when the p values were less than 0.05. All statistical analyses were performed using SPSS software (Version 16.0).
Results and Discussion
NLO Spectrum and Images of an Articular Cartilage (Hyaline Cartilage)
A representative spectrum from the upper transitional layer of a mature hyaline cartilage shows a sharp peak at 405 nm and a relatively weak fluorescence signal ranging from 430 to 716 nm [see Fig. 1(a) ]. It indicates a large amount of collagen, but almost no elastin fibers are present in the matrix. Previous studies have shown that type II collagen is the dominant fibrillar collagen of the cartilage matrix in articular cartilage [23] . It comprises around 60% of its dry weight and is critical for cartilage formation, growth, repair and regeneration. Type II collagen fibers can produce bright SHG signals because of its molecular and supramolecular structure, which is highly noncentrosymmetric and possesses a tremendous nonlinear susceptibility. Hence the distribution and morphology of collagen fibers can be clearly displayed by SHG imaging [24] , [25] .
The SHG filtered image shows abundant fibrillar collagen surrounding non-fluorescing spaces called lacunae [see Fig. 1(b) ; green pseudocolor]. The collagen resembles organized layers with lacunae distributed evenly across the tissue. The pericellular matrix effectively generates TPEF signals [see Fig. 1(c) ; red pseudocolor]. Chondrocytes are arranged in orderly columns of elliptical or polygonal cells within the matrix. When the two channels are overlaid, a high-contrast SHG/ TPEF image of the hyaline cartilage is obtained [see Fig. 1(d) ]. The chondrocytes resemble the shape of fibroblasts and assemble together in the lacuna, and these structures are surrounded by collagen fibers. Some lacunae contained two or more chondrocytes with flat abutting surfaces [see Fig. 1(d) ; white arrows]. These observations are consistent with previously published results [6] , [24] .
Hyaline cartilage is an important intra-articular tissue that provides frictionless joint movement [26] . When cartilage sustains injury in diseases such as osteoarthritis, the matrix is significantly damaged. As the matrix deteriorates due to cell death, there is progressive loss of architectural integrity that results in joint stiffness and pain [27] .
NLO Spectrum and Images of an External Ear Cartilage (Elastic Cartilage)
Elastic cartilage is histologically similar to hyaline cartilage but contains elastin fibers lying in a solid matrix. In rabbit ears, elastic cartilage consists of chondrocytes that produce a large amount of extracellular matrix [28] . Examination of sections from an adult rat ear with NLOM shows little SHG signaling but extremely strong TPEF signals that peak at 510 nm [see Fig. 2(a) ]. The TPEF signals generated by elastic fibers are likely caused by the abundance of elastin. The weak SHG signals in the elastic cartilage may be due to the low proportion of collagen [see Fig. 2(b) ].
The TPEF-filtered image shows label-free lacunae [see Fig. 2 (c); white arrows] that are surrounded by a condensed intercellular substance called the territorial matrix or the territorial ring [see Fig. 2(c) ; pink arrows]. The territorial matrix forms a cup-shaped structure that is often partly detached from the surrounding interterritorial matrix [see Fig. 2(c) ; blue arrows]. In the detached areas, no morphological connections were visible between the two structures. The average thickness of the territorial ring is 0:83 AE 0:26 m, and the area of the lacuna is 398:36 AE 52:95 m 2 . The interterritorial matrix consists of an extensive elastin fibril network that is clearly visible from the TPEF filtered image [see Fig. 2(c) ; yellow arrows]. The finely woven mat of fibrils ramified or bifurcated frequently, making it impossible to measure their lengths [29] . These fibers provide greater flexibility to elastic cartilage so that it is able to withstand repeated bending. Because of the relatively weak SHG signal from type II collagen, the overlapped SHG/TPEF image appears similar to the SHG image [compare Fig. 2(d) and Fig. 2(c) ].
NLO Spectrum and Images of a Meniscus (Fibro Cartilage)
From the middle zones of a rat knee joint, NLO was used to generate a spectrum of the meniscus [see Fig. 3(a) ]. The spectrum shows a sharp SHG signal peak and almost no TPEF signaling from the fibro cartilage. In contrast to the type II collagen-rich hyaline cartilage, the meniscus is composed of a complex network of both types of collagen [30] , [31] . Since Type I collagen is organized in bundles that emit robust SHG signals, fine bundle-like collagen fibers appear highly organized as radial "tie fibers" in the SHG image [see Fig. 3(b) ]. This interlaced collagenous network forms the major intercellular components of fibro cartilage. Functional changes in either form of collagen may significantly impact fibro cartilage morphology and lead to subsequent pathology following injury [32] , [33] .
In addition to the fibrous texture of collagen, this cartilage is also named for the distinct chondrocyte lacunae. TPEF imaging of the chondrocytes show ovoid or polygonal-shaped cells that are similar in morphology to fibroblasts [see Fig. 3(c) ]. The overlapped SHG/TPEF image reveals cells that are within the lacunae, surrounded by the collagen fiber network, and oriented parallel to the tie fibers [see Fig. 3(d) ]. Chondrocytes and fibroblasts are similar in nuclear shape, but a chondrocyte is often surrounded by a lacuna whereas a fibroblast is not.
The menisci are able to distribute loads and reduce stress on the tibia. This function is regarded as essential for cartilage protection and prevention of osteoarthritis [33] . Meanwhile, a typical fibro cartilage resembles articular cartilage in surface appearance, mechanical function, and in some details of its proteoglycan structure. They differentiate mainly in the proportion of type I and II collagen. Moreover, unlike articular cartilage, the meniscus has the capacity to heal wounds. Wound healing may be facilitated by the contents and structure of the collagen network within fibro cartilage. 
Textural Analysis of Collagen SHG Images From Hyaline and Fibro Cartilage
Elastic cartilage is easily differentiated from the other two types of cartilage by strong TPEF signals from the dense elastic fibers. Both hyaline and fibro cartilages contain almost no elastic fibers, resulting in similar NLO spectra profiles. However, hyaline cartilage is rich in type II collagen while fibrocartilage contains primarily type I collagen, which makes them very different in collagen structure. To quantitatively characterize the collagen microstructure of hyaline and fibro cartilage, Fourier analyses of their SHG images were performed. The corresponding 2D power spectra of each SHG image [see Figs. 1(b) and 3(b)] are depicted in Fig. 4(a) and (b) , respectively. The generated power plots of the images were fitted with a 95% confidence ellipse [see Fig. 4 (a) and (b); red curves]. The collagen orientation index was calculated for each sample group. The results show that the index is 0.12 AE 0.07 (n ¼ 6, p ¼ 0:656) for the hyaline cartilage and 0.37 AE 0.06 (n ¼ 6, p ¼ 0:471) for the fibro cartilage [p G 0:001; see Fig. 4(c) ]. It indicates that the collagen in fibro cartilage has a specific orientation and exhibits greater directionality than collagen fibers in hyaline cartilage.
The radial distribution of collagen fibers ð r Þ, centered at the origin, were plotted [see Fig. 4(d) and (e)]. The length of the radii varied, ranging from 1 to 256 m. The corresponding decay length value was calculated by fitting the function with a single exponential decay function. Six cartilage sections from each group were measured, and the mean decay length for hyaline or fibro cartilage were calculated [see Fig. 4(f) ]. Based on the SHG images, we observed that the decay length of fibro cartilage (45.4 AE 6.6, p ¼ 0:661) is 37.9 percent higher compared to hyaline cartilage (28.2 AE 3.7, p ¼ 0:515). The SHG texture analysis indicated that the texture of the fibro cartilage was significantly coarser than the texture of the hyaline cartilage ðp G 0:001Þ.
Conclusion
Cartilage is found between the ribs, bones, ears, noses, knees, elbows, ankles and bronchial tubes of humans and animals. Cartilage falls between the rigidity of bones and the flexibility of muscles. Different types of cartilage have unique mechanical properties based on the shape and distribution of chondrocytes and matrix. Visualization and quantification of different types of cartilage may help in synthesizing artificial cartilage tissue for joint replacement by aiding the distribution of cultured cells across cellular scaffolding material [34] , [35] . NLOM, based on TPEF and SHG, has become a standard method for noninvasive imaging of thick specimens with cellular resolution [36] , [37] . We identified and measured three types of cartilage by NLOM using spectral and morphological information and in the absence of any labeling agent. Multichannel or multi-model NLOM is an effective technique for imaging biological specimens with complex microstructures. The noninvasive nature of NLOM, coupled to its ultrahigh resolution capacity, shows significant clinical potential as a tool for optical biopsies. With future development, we foresee promising applications of the NLOM technique for in vivo, realtime assessment of cartilage diseases or wound repair [38] .
